Abstract: Low-copy nuclear genes have been suggested as a promising source of independent phylogeographic markers in plants. However, the available studies at the intraspecific level have revealed that extracting information from them is frequently hampered by paralogy and lack of coalescence of alleles. It is thus relevant to test their utility with plants for which solid data from other markers are available. The aims of this study are to retrieve phylogeographic useful information in a low-copy nuclear gene by examining the congruence of the genetic variation with the geography, as well as with previous nuclear ribosomal, plastid, and amplified fragment length polymorphism (AFLP) markers. Seven combinations of primers have been assayed to characterize the structure of GapC (cytosolic glyceraldehyde 3-phosphate dehydrogenase) in Armeria pungens (Link) Hoffmanns. & Link, a linearly distributed Atlantic-Mediterranean disjunct sand-dune species. A matrix of 101 direct sequences from 71 individuals was analysed with statistical parsimony. To check the reliability of direct sequencing, 216 cloned sequences were also generated. Tests of recombination have also been attempted. By comparing nucleotide and amino acid sequences, three different paralogs (1, 2, 3) were identified of which paralog 2 was sampled for phylogeographic inference. Within this paralog, 13 alleles belonging in three different sequence types (I, II, III) were detected. These types are shown to correspond with lineages from the same locus whose splitting predates the origin of A. pungens, although type III could be a recent paralog. Allelic variation within types I and II followed a clear geographic trend supporting the two main genetic lineages detected in A. pungens with previous markers. This study suggests that information on the population history of a species can be retrieved, even if some uncertainty remains on the source of variation of low-copy nuclear gene sequences, either alleles from the same locus or paralogs.
Introduction
During the last decade, low-copy nuclear genes have been regarded as promising markers for phylogeographic studies (Schaal et al. 1998; Schaal and Olsen 2000; Hare 2001; Sang 2002) . Their main advantages as compared with nuclear ribosomal internal transcribed spacers (ITS) and plastid DNA markers are the potential high levels of variation, biparental inheritance with little concerted evolution, and the possibility of comparing unlinked genes of the nuclear genome (Sang 2002; Small et al. 2004 ). However, as examples using nuclear markers at the intraspecific level have accumulated, lack of coalescence of nuclear alleles from a single species has been observed to be a relatively common phenomenon (Olsen and Schaal 1999; Comes and Abbott 2001; Isoda and Shiraishi 2001; McKinnon et al. 2005; Bartish et al. 2006; Maddison and Knowles 2006; Shih et al. 2007; Syring et al. 2007 ).
Processes causing non-monophyly of sequences from the same species may have different origins such as imperfect taxonomy, introgressive hybridization, paralogy, or lack of coalescence (see Funk and Omland 2003 for a review) .
Occasional interspecific hybridization between otherwise distinct species and subsequent gene flow towards one of them may lead to introgression of alleles from one species into the genome of another. The heterogeneous origin of the alleles under such circumstances results in gene trees in which terminals from the same species are polyphyletic (Doyle et al. 1990; Small et al. 2004; Vriesendorp and Bakker 2005) . This process can be detected when the phylogenetic signal is congruent across independent nuclear markers or sympatric populations of different species, but it might be undetectable in later generation hybrids (Rieseberg and Ellstrand 1993) .
Random fixation of ancestral polymorphisms through multiple speciation events causing incomplete lineage sorting is especially challenging at low taxonomic ranks (Comes and Abbott 2001; Sang 2002) . Within recently diverged species, each allele often has a particular history resulting in noncongruent patterns across independent loci (Sang 2002 ). This phenomenon is far more frequent in nuclear genes as compared with plastid genes because of the higher effective population size of the diploid biparentally inherited nuclear genome (Sang 2002; Funk and Omland 2003) and nonrecombination in plastid DNA (Wolfe and Randle 2004) . Coalescence is eventually reached through extinction of certain allele lineages (Funk and Omland 2003) . In theory, time to monophyly in a nuclear gene in a diploid organism is expected to be fourfold as compared with a uniparentally inherited plastid marker (Hare 2001; Palumbi et al. 2001) .
Additionally, given that nuclear genes tend to evolve in multigene families, unnoticed amplification of paralogous Fig. 1 . Scheme of the three GapC paralogs 1, 2, and 3 found in Armeria pungens. Exons are represented by grey boxes, and introns are represented by lines. Nucleotide positions and exon numbers refer to the GenBank sequence U02886.2 of Atriplex nummularia. The position of the primers used in this study are indicated as follows: (A) the universal primer GPDX9R (Strand et al. 1997 ) and the primers designed from GenBank (GP5F, GP2F, GP4R) are placed on the GapC scheme for Atriplex nummularia; (B) the specific primers for Armeria (A1F, A6F, A4R, A7R, and A8R) are placed on the GapC schemes of the paralogs of A. pungens. The combination of primers A1F-A4R, emphasized within rectangles, amplifies a portion of the paralog 2 that has been used for phylogeographic inference of A. pungens.
copies (Wendel and Doyle 1998) may occur either when sequence differentiation affects priming sites in part of the duplicated copies or some of these are randomly lost. When this happens, a gene tree fails to reconstruct the organism's phylogeny, because it will be analysing paralog copies together with true orthologs. Although within the species limits a complete duplication-deletion cycle seems to be extremely rare and the number of paralog copies is expected to be constant, mixing of paralogs may still arise as a result of sampling error (while picking clones or through uneven polymerase chain reaction (PCR) amplification; Sang 2002) and random amplification of different paralogs in different terminals.
The copy number of a nuclear gene cannot be extrapolated from previous knowledge on other taxa but has to be empirically assessed. The number of paralogs may be very different in close lineages and thus has to be determined for each species (Small and Wendel 2000; Hughes et al. 2006) . The most adequate test of orthology when analysing distantly related organisms may be congruence with other markers in phylogenetic patterns (Patterson 1988) . But working at intraspecific levels, lack of coalescence of alleles from the same locus is also very likely, and one has to rely on other approaches such as genetic divergence and differences in size or gene coding patterns among sequence types, maximum number of sequence types retrieved per individual in relation to the ploidy level, congruence with expected heterozygosity levels, genomic position through comparative genetic mapping studies (mostly available for crop plants) or Southern blotting with locus-specific hybridization probes. The latter test is potentially useful but insufficient on its own because of the difficulty of obtaining a specific probe for a given locus (Hare 2001; Small et al. 2004; Á lvarez et al. 2008) .
When undetected, the above-described processes may result in well-supported yet incorrect phylogenetic relationships for the organisms when the gene tree is assumed to reflect the species tree (Wendel and Doyle 1998) . Therefore, variation of nuclear markers attributed to introgression, incomplete lineage sorting, or paralogy needs to be assessed separately (Sang 2002) to retrieve the variation reflecting true phylogeographic events (founder effects, fluctuation in population sizes, colonizations of new areas, etc.).
It is thus critical to test the phylogeographic signal conveyed in low-copy nuclear genes in species for which solid evidence is available from independent markers. Accordingly, the objective of the present study is to check the pylogeographic signal present in the low-copy nuclear gene GapC (cytosolic glyceraldehyde 3-phosphate dehydrogenase) in the dune shrub Armeria pungens (Link) Hoffmanns. & Link, which is linearly distributed and thus offers a simple system, taking into account the previous evidence from differently inherited markers located in different genomes. The nuclear gene GapC has been found to be suitable for phylogeographic studies in a number of nonangiosperm (e.g., Tani et al. 2003; Shih et al. 2007; Szövé-nyi et al. 2007) , as well as angiosperm plants (Olsen and Schaal 1999) . However, because of the likeliness that the number of copies differs across plant groups, this utility has to be evaluated empirically when applied to a new plant species. Specifically, we test if a phylogeographic signal reflecting the evolutionary history of the study species can be recovered.
Armeria pungens (Link) Hoffmanns. & Link is an Atlantic-Mediterranean disjunct shrub for which data from amplified fragment length polymorphisms (AFLP), plastid sequences, nuclear ribosomal ITS, and morphological characters suggest an explicit evolutionary scenario (Piñeiro et al. 2007 ; R. Piñeiro, A. Widmer, J. Fuertes, and G. Nieto, unpublished data) . Genetic markers agreed in depicting two main genetic lineages comprising most populations of A. pungens: (i) the ''Portuguese-Corso-Sardinian lineage,'' where the disjunct Mediterranean populations in Corsica and Sardinia result from recent expansions from the original Portuguese populations and (ii) the ''Gulf of Cadiz lineage,'' probably differentiated under distinct environmental conditions in this area. Moreover, a population of hybrid origin has been detected in the southern margin of the distribution (population 14, Camarinal). 5'-AAC ACG GGT GCT GCA ATC-3' 56.0 Table 3 . Primer combinations tested for amplification of GapC in Armeria pungens.
Primer combination
Note: The paralog amplified by each pair is indicated.
Materials and methods

Sampling
Leaves and ripe fruits from 73 individuals were collected in 22 populations spanning the whole geographical range of A. pungens. Sixteen individuals from seven species of Armeria sect. Macrocentron were also included in the study (Table 1) . Leaves were dried with silica gel, seeds were germinated, and seedlings were grown in the Real Jardín Botá-nico (Madrid). DNA was isolated from dry or fresh leaves using DNeasy 1 Plant mini kit (QIAGEN, Valencia, Calif.) following the manufacturer's instructions.
Design and selection of locus-specific primers
For amplification of GapC, preliminary amplifications were performed with primer GPDX9R from Strand et al. (1997) and consensus primers (GP5F, GP2F, GP4R) designed from GenBank sequences (Antirrhinum majus, X59517; Arabidopsis thaliana, M64119; Atriplex nummularia, U02886; Mesembryanthemum crystallinum, J05223; Ranunculus acris, X60345). Subsequently, specific primers (A6F, A1F, A7R, A4R, A8R; Fig. 1 and Table 2) were designed using Primer3 software (Whitehead Institute for Biomedical Research, Cambridge, Mass.).
Seven combinations of the above primers (Table 3) were tested on three samples of A. pungens from divergent intraspecific lineages (populations 5, 9, and 19; Table 1) as defined by AFLP and plastid DNA data (Piñeiro et al. 2007 ; R. Piñeiro, A. Widmer, J. Fuertes, and G. Nieto, unpublished data) . The primer combination A1F-A4R was chosen for the phylogeographic study because of the reliability in amplification.
Polymerase chain reaction amplification with A1F-A4R
For PCR amplification, one or more reactions of 25 mL per sample were prepared, using puRe Taq 1 Ready-ToGo 1 PCR Beads (Amersham Biosciences Europe GmbH, Cerdanyola, Barcelona, Spain), with the following components (in final concentrations): 1.5 mmol/L MgCl 2 ; 0.2 mmol/L of each dNTP; 0.2 mmol/L of each primer; 2.5 units of puReTaq 1 DNA polymerase. Total genomic DNA quantity and quality were determined using a commercial ladder and adjusted to 200-300 ng per reaction. PCR profiles were an initial denaturation at 95 8C (5 min); 38 cycles of 95 8C (30 s), 53 8C (30 s), 72 8C (1 min); and a final extension at 72 8C (5 min). Samples for direct sequencing were purified with UltraClean PCR Cleanup kit (Mo-Bio Laboratories, Carslbad, Calif.). When more than one band was present and for cloning, samples were purified from 1.8% agarose gel, using Perfectprep Gel Cleanup (Eppendorf, Hamburg, Germany).
Direct sequencing
Primers A1F-A4R were used for direct sequencing of GapC PCR products from 71 individuals of A. pungens, 16 individuals from seven closely related congeners from sect. Macrocentron (which comprises 9 species): A. berlengensis, A. gaditana, A. hirta, A. marcrophylla, A. rouyana, A. velutina and A. welwitschii, and one sample of A. maritima (Spain, Pontevedra, Cíes Islands; voucher GN4307) as an outgroup. Forty one A. pungens individuals yielded unambiguous sequences, whereas double electropherogram profiles were detected in the remaining 30. For the remaining species, unambiguous sequences were found in 5 individuals, and double electropherogram was found in 12. Sequences with overlapping signals were resolved by haplotype substraction using unambiguous sequences (without double peaks) and those with a double peak for one nucleotide (Clark 1990; Caicedo and Schaal 2004) . After separating double electropherograms, a total of 101 sequences of A. pungens, 27 of congeners from sect. Macrocentron, and 2 sequences of A. maritima were obtained.
Genealogical relationships and allele frequencies
A final matrix containing the 101 A. pungens sequences was aligned with Bioedit 5.0.9 (Hall 1999) . Alignment was straightforward, although indels could be aligned in two slightly different ways. Indels were additionally coded as presence or absence data following Simmons and Ochoterena (2000) . Genealogical relationships among alleles were represented through a statistical parsimony network (TCS 1.21, Clement et al. 2000) treating gaps resulting from alignment as missing values.
Genetic diversity
From the final matrix of 101 A. pungens sequences, haplotype diversity (eqs. 8.4 and 8.12 but replacing 2n by n; Nei 1987) was calculated with dnaSP 4.10.7 (Rozas et al. 2003) . To reach adequate sample sizes, populations were pooled by regions. The regions were established according to the genetic lineages previously inferred in A. pungens using other molecular markers (Piñeiro et al. 2007 ; R. Piñeiro, A. Widmer, J. Fuertes, and G. Nieto, unpublished data) 
Cloning
To check the reliability of the direct sequences and, in particular, the subtraction method, 11 out of 30 individuals yielding double peaks in electropherograms of direct sequences were cloned. Two additional individuals were cloned.
Cloning procedure was performed on purified samples with pGEM-T Easy Vector System II kit (Promega, Madison, Wisc.). Colony screening was carried out by direct PCR of colonies with universal vector primers T7 and SP6, preparing 20 mL reaction per colony with the following components (in final concentrations): 2.5 mmol/L MgCl 2 ; 0.2 mmol/L of each dNTP; 0.2 mmol/L of each primer; 0.8 U of HotMaster Taq DNA Polymerase (Eppendorf). Of a 10 mL ultra pure water solution of the picked colony, 1 mL had been used as template. Cycling conditions were 94 8C (2 min); then 35 cycles of 94 8C (30 s), 50 8C (30 s), 65 8C (2 min); and a final extension at 65 8C (20 min). Direct sequenced colony PCR products were purified with UltraClean PCR Clean-up kit (Mo-Bio Laboratories).
An average of 16 colonies (from 7 to 24; Table 4 ) were picked per sample to produce a total of 216 cloned sequences. All cloned variants seemed to be functional except for two from individuals 6 and 9, harbouring a stop codon position and a mutation in the splicing sequence, respectively. These two putative pseudogenes were discarded.
The final matrix of 214 clones per 415 bp was transformed to nexus format and analysed with PAUP version 4.0b10 for Macintosh (Swofford 2002) . A parsimony heuristic search was performed with 100 stepwise random addition replicates, and TBR branch swapping (selecting options ''multrees'' and ''steepest descent''). A strict consensus tree of the 2479 saved trees was generated. Bootstrap support was calculated with a fast stepwise option based on 10 000 replicates. In addition, a NJ distance tree was performed applying a simple model based on the number of nucleotide differences (p), with midpoint rooting.
Since our aim was to asses if information from direct sequences was confirmed by cloned sequences, nucleotide substitutions exclusive to one cloned sequence were ignored as putative Taq polymerase errors by creating consensus sequences for each sequence type of every single accession (Smith et al. 1997; Eyre-Walker et al. 1998) . Consensus clones and direct sequences from all the 11 individuals were compared for: (i) number and type of copies retrieved and (ii) reproducibility of the sequence of nucleotides.
Identification of recombinant sequences
Putative recombinant sequences were initially identified from long terminal branches and unexpected position in the parsimony network, that is, distant from others from the same sample (see Popp et al. 2005) , as well as from the visual inspection of the sequence. Additionally, the methods recommended in Posada and Crandall (2001) and Posada (2002) to detect recombination in low divergent data sets were applied. (i) Maximum c 2 test, based on substitutions distribution, was applied to alignments of three sequences at a time (2 putative parental + 1 putative recombinant) as implemented in START version 2 (Jolley et al. 2001 ). Significance was established with the permutation test (1000 replicates); (ii) the recombinant detection program (RDP) Allele  35  81  93  94  104  115  151  172  202  226  232  244  271  285  289  291  A  A  T  A  A  TT  -A  C  T  A  A  G  C  -G  A  B  A  T  A  A  TT  -A  T  T 
Note: Alleles are named according to the TCS network in Fig. 3 (Martin et al. 2005) , based on phylogenetic position, was applied to the entire alignment using only internal sequences as a reference.
Phylogenetic assessment
To test for coalescence at the species level of the different GapC sequence types, we performed a phylogenetic analysis including one sequence of A. pungens per haplotype (excluding putative recombinants haplotypes E and M, see below) and sequences of the congeners from sect. Macrocentron. Several congeners were analysed, since the low resolution of the available phylogenetic study of the genus (based on ITS markers) precludes the identification of the sister species to A. pungens. The low resolution of the ITS tree is explained by the frequent interspecific hybridization in natural populations of Armeria and the probable recent di- The final matrix containing 40 sequences per 364 bp was aligned with Bioedit 5.0.9 and analysed with PAUP version 4.0b10. Search parameters were identical to those set for the analysis of the cloned sequences of A. pungens. A strict consensus tree of the 134 saved trees was generated using one individual of A. maritima as an outgroup. Bootstrap support was calculated with the fast stepwise option based on 10 000 replicates.
Results
Structure of the GapC region in Armeria pungens
The seven primer combinations tested amplified a portion of the GapC gene between exons 6 and 9. The structure of GapC in Armeria pungens differs significantly from those in Arabidopsis thaliana in intron length and size, the main difference being the apparent insertion of two introns within exons 8 and 9 (Fig. 1) .
After detailed scrutiny, three different GapC copies, with important length and nucleotide differences, were recognized. Exons of the GapC copies coded for different amino acids but were straightforward to align, while nucleotide sequences of introns could not be aligned (results not shown). They seem thus to be different paralogs, here named 1, 2, and 3. Primers amplifying each paralog are indicated in Table 3.
The combination A1F-A4R, chosen for phylogeographic inference in A. pungens, amplified a portion of paralog 2 corresponding with exon 8b and the two flanking introns (Fig. 1) .
Identification of GapC sequence types
Maximum parsimony and NJ distance trees of the 214 clones amplified by primers A1F-A4R identified three main clades revealing three sequence types of the paralog 2, here called types I, II, and III (Fig. 2) . The maximum parsimony analysis revealed high bootstrap supports for the three clades (89%, 91%, and 86%, respectively; results not shown).
Phylogenetic position and direct visualization of the nucleotide sequence suggested the existence of 12 putative recombinant cloned sequences between types I and II (Table 4) . Interestingly, in the single individual (15-2, Table 4) presenting only type II sequences, no recombinant sequences were cloned. Ten of the putative recombinant sequences were confirmed with the maximum c 2 method and randomization test. In contrast, the RDP method applied to the entire data set did not recognize any recombinant.
The three sequence types had approximately the same size (I, 377 bp; II, 368 bp; and III, 373 bp), and substitutions in the exons were synonymous, that is, they coded for the same protein (results not shown). Genetic distances were low and approximately equivalent among types (Fig. 2) . Type III sequences were closer to type II when recombinants between types I and II were included in the analysis and to type I when they were excluded (results not shown). In contrast, differences in the frequency were evident; type I appeared in 159 clones, type II appeared in 37 clones, and type III was extremely rare, appearing only in 6 cases (Table 4) .
Direct sequencing versus cloning
Sequence types retrieved
Comparisons between the results of the 11 individuals analysed by direct sequencing and cloning procedures are summarized in Table 4 . In 6 out of 11 individuals, exactly the same sequence types were retrieved with both methods. In 4 individuals, the less frequent type II was not retrieved in the clones, despite being detected by direct sequencing. Remarkably, for these 4 individuals, fewer colonies were picked (15 or less), which suggests a sampling failure of the type II (individuals 5, 6, 9, and 17; Table 4 ). However, the rare type III complicates the results. It was detected in 6 clones (out of 214) from 3 individuals (1 out of 14, 1 out of 20, and 4 out of 14 clones, respectively). In 2 of these individuals, direct sequencing revealed types I and II, whereas cloning revealed types I and III. In the third one, clones from all three types I, II, and III were retrieved from the same individual.
Nucleotide differences
Comparisons (17) between direct sequences and consensus clones revealed identical sequences of nucleotides in all except one case. In this case, the cloned sequence presented a difference in one non-parsimony informative site as compared with the direct sequence (individual 2-1, sequence type II). Since this mutation is exclusive to that clone in the whole data set, it seems to be caused by a Taq error. Only one clone of type II was retrieved from this accession, therefore no consensus could be created to correct for Taq artefacts.
In summary, when the same sequence types were retrieved both through direct sequencing and cloning, exactly the same sequence of nucleotides was found. However, both methods failed to amplify one of the sequence types that were retrieved with the alternative method in three and four cases, respectively.
Variation of GapC in Armeria pungens: genealogical relationships, haplotype frequencies, and genetic diversity
The final alignment of the 101 GapC (paralog 2, primers A1F-A4R) direct sequences of A. pungens was 380 bp long. Like the consensus clones, all the direct sequences coded for the same protein. Thirty-two mutations (25 nucleotide substitutions and seven indels) determined 13 alleles (Table 5) . Clones were not included since they added only some extra sequences in clade type III, which lacks enough sampling (see below).
The TCS network (Fig. 3) did not support, within the limits of 95% statistical parsimony, the connections among the three main sequence types. Variable sites distinguishing alleles that are congruent with geography were contained in exon 8b and in the first intron. The distinction of three clades (sequence types) was mainly determined by the second intron, although it was consistent with the rest of the sequence.
A TCS analysis was also tried without taking indels into Table 1 . account as additional presence or absence data, yielding only minor differences: (i) types I, II, and III were connected within the 95% parsimony limits; (ii) fewer mutational steps separated alleles E, F, G, and L. No difference was observed between the two slightly different alignments (results not shown).
From their unexpected position in the network, alleles D, E, and M were initially detected as putative recombinants between types I and II. Additionally, three divergent alleles, F, G, and K, were tested. Out of the six tested alleles, haplotypes M and E were confirmed as recombinant sequences by the maximum c 2 test.
Phylogeographic patterns
Variation of the paralog 2 of GapC in A. pungens followed a clear geographic pattern in the 12 alleles corresponding with sequence types I and II (Figs. 3 and 4) .
The allele A was found in 17 out of 22 populations from all geographic regions. Its high frequency and number of connections with other haplotypes suggest that it is an ancestral haplotype. The Gulf of Cadiz was characterized by the exclusive allele J, present in all 6 populations, as well as by the local related alleles K and L (population 13, Trafalgar). Portuguese and Corso-Sardinian populations were characterized by alleles B and I, together with the local allele D, present in 2 Portuguese populations (populations 5, Zambujeira, and 6, Bordeira). Allele C associated the Cíes Islands (population 1) with the closest mainland population (population 2, Albufeira), as well as with one Sardinian population (population 19, Porto Liscia). In Camarinal (population 14), two distinct alleles, E and G, were found. G was private to this population, whereas E (recombinant intermediate between clades types I and II) was shared with population 5, in Portugal. Allele B was also detected in one sequence from this population. Finally, remarkably divergent haplotypes were identified in populations 13, Trafalgar (allele F), and 10, Maneli (allele M, recombinant according to the maximum c 2 test).
A single allele (H) could be distinguished within the sequence type III. No phylogeographic signal can be retrieved from this clade, since it was found only in a few individuals.
Genetic diversity
Haplotype diversity for the paralog 2 of GapC in A. pungens was higher in Portuguese populations, slightly lower in Corsica-Sardinia, remarkably lower in the Gulf of Cadiz, and zero in the Cíes Islands. Camarinal population exhibited the highest diversity levels (Table 6 ).
GapC sequences in congeners from section Macrocentron
The phylogenetic analysis of A. pungens and its closely related congeners revealed that the three GapC sequence types do not coalesce within A. pungens (Fig. 5) . Armeria rouyana Daveau fell within the clade corresponding with the sequence type II of A. pungens (88% bootstrap), whereas the sequences of Armeria welwitschii Boiss. and Armeria berlengensis Daveau are closely related to the haplotypes of the type III (86% bootstrap).
Discussion
By comparing the nucleotide and amino acid sequences of GapC in Armeria, three different paralogs have been identified (1, 2, 3). These are probably the result of duplication events that predate the origin of Armeria pungens; this will not be further discussed.
Lack of coalescence of GapC at the species level
Within paralog 2, the different GapC sequence types de- tected in A. pungens do not coalesce at the species level. To unravel the causes for the lack of coalescence, nuclear markers, unlike plastid markers, provide the opportunity to compare multiple unlinked genes. The degree of congruence among them may reveal the nature of the processes acting on the genome. In our study system, the three lineages (types I, II, and III) of GapC are not in agreement either with the phylogeographic signal contained in the other nuclear markers obtained for the species (AFLP and ITS; Piñe-iro et al. 2007 ; R. Piñeiro, A. Widmer, J. Fuertes, and G. Nieto, unpublished data) or with the geography. Therefore, processes shaping the variation of GapC in A. pungens seem to be specific to this nuclear region, whereas phylogeographic events affect the whole nuclear genome, and hybridization usually results in geographic patterns of variation. Instead, mechanisms with a random local effect in the genome are more likely to be involved, such as lack of coalescence due to recently diverged species, incomplete sorting of ancestral polymorphisms, or presence of several paralogs.
The three sequence types (types I, II, III) are only slightly different in terms of nucleotide differences or size and are identical in their gene coding patterns. This suggests that they correspond with different groups of alleles from the same orthologous locus. However, the detection of the three types in the same individual (individuals 4, 5, and 12-2; Table 4) poses some problems in a diploid genus like Armeria. The possibility of recent paralogy must therefore be considered in the case of type III, which has been amplified in only 7 out of 315 sequences (101 direct sequences + 214 clones) and in 4 out of 73 individuals. Type III might thus be a paralog that is occasionally amplified, which could explain why it was more frequently retrieved by cloning than by direct sequencing. On the other hand, if types I and II were paralogs, the level of heterozygosity of the strictly outcrossing A. pungens would be strikingly low, whereas, interpreted as groups of alleles, the frequencies of homozygotes (57.7%, 41 individuals) and heterozygotes (42.2%, 30 individuals) seem more realistic.
In short, although the above arguments support the interpretation of types I and II as noncoalesced groups of alleles of the same locus and type III as a putative recent paralogous locus, some uncertainty remains on the source of variation of the three sequence types of GapC gene in A. pungens.
Based on the distribution of the nucleotide substitutions, the maximum c 2 method and randomization test identified two recombinant alleles between sequences types I and II (alleles E and M). This method seems to work better than the RDP method, based on the phylogenetic position, because of the low number of parsimony informative sites in our data set.
Phylogeographic signal in a low-copy nuclear gene
Alleles within types I and II clearly follow a geographic pattern. The number of terminals in type III is too small for any pattern to be detected. Moreover, the phylogeographic signal contained in types I and II is in perfect agreement with the other nuclear markers studied (AFLP and ITS), as well as with the morphology (Piñeiro et al. 2007 ; R. Piñeiro, A. Widmer, J. Fuertes, and G. Nieto, unpublished data; Table 7 ). GapC alleles characterize two main genetic groups comprising most populations of A. pungens: Portuguese-Corso-Sardinian lineage (alleles B, D, and I) versus the Gulf of Cadiz lineage (alleles J, K, and L). This is congruent with the scenario previously inferred of longdistance dispersal from Portuguese populations into Corsica and Sardinia and clear differentiation of the Gulf of Cadiz. In addition, allele C relates the isolated population in the Cíes Islands (population 1) with the northernmost population of the mainland (Albufeira; population 2), in agreement with ITS and AFLP, as well as with the Sardinian region (population 15), in agreement with ITS. Finally, the divergent alleles found in Camarinal (G and E; population 14) confirm the distinctness of this population based on AFLP, ITS, cpDNA, and morphologic data, demonstrated to be due to recent introgression from the sympatric species A. macrophylla (Piñeiro et al. 2007 ; R. Piñeiro, A. Widmer, J. Fuertes, and G. Nieto, unpublished data) . Although the splitting of the three main lineages predates the origin of A. pungens, the alleles within theses lineages seem to mark recent phylogeographic events and are thus useful to interpret the evolutionary history of A. pungens. If types I and II were different paralogs instead of noncoalesced allelic lineages, the methods of analysis and main phylogeographic conclusions would not change (Hare 2001; Caicedo and Schaal 2004; Maddison and Knowles 2006) . The long optimization protocols of low-copy nuclear genes are due to the absence of universal primers and represent the main drawback of these molecular markers in studies such as the present. For study systems where low levels of genetic variability are expected, typical of phylogeography, low-copy genes have a clear advantage over ITS sequences as nuclear markers, since concerted evolution of the ITS region usually results in low levels of intraspecific variation. This is also the case for A. pungens, where only one ITS ribotype was found across its whole range, although a clear geographic structure of five within-individual polymorphic sites (interpreted as intragenomic occurrence of more than one ITS) was detected (R. Piñeiro, A. Widmer, J. Fuertes, and G. Nieto, unpublished data) .
Despite their methodological constraints, low-copy nuclear genes attract researchers, because, in contrast with AFLP and microsatellites, they are suitable for phylogenetic inference. This property is crucial in intraspecific evolutionary studies to infer genealogical relationships among populations or to place the study species in a generic context. However, the frequent lack of coalescence of nuclear alleles under the species level conceals reconstruction of phylogenetic relationships. In our study, we show how to retrieve the intraspecific genetic variation in these cases by, first, testing the coalescence of alleles and, subsequently, examining, for each genetic lineage, the congruence with the geography as well as with independent genetic markers. Under these conditions, our study also suggests that useful information can be retrieved even if some uncertainty remains on the source of variation of certain sequences, either alleles from the same locus or paralogs.
